In the present studies we compared the ability of two commonly used assays, solid-phase radioimmunoassay and enzyme-linked immunosorbent assay (ELISA), to detect human antibodies to Staphylococcus aureus peptidoglycan. ELISA was superior, with a reproducibility of 12.0%, as compared with 18.1% in solid-phase radioimmunoassay. Much lower serum dilutions could be used in ELISA. We also studied the effects of solubilizing the antigen by lysostaphin, lysozyme, or ultrasonication. Lysostaphintreated peptidoglycan cannot be recommended since solid-phase radioimmunoassay could not distinguish positive from negative serum samples with this preparation. On the other hand, the sensitivity in both assays was high when peptidoglycan treated with lysozyme for 240 min or with ultrasonication for 30 min was used as antigen. The interassay correlation between solid-phase radioimmunoassay and ELISA was slightly better with sonicated peptidoglycan (correlation coefficient = 0.94, P < 0.01), as compared with lysozyme-treated peptidoglycan (correlation coefficient = 0.76, P < 0.01). We recommend the ELISA with sonicated peptidoglycan as antigen for use in routine serology.
Sensitive methods measuring the antibody response to Staphylococcus aureus peptidoglycan (PG) have been recommended as valuable aids in the serological diagnosis of serious staphylococcal infections (1, 11, 13) . Different assays (radioimmunoassay and enzyme-linked immunoassay [ELISA] ) and different methods for antigen preparation (lysostaphin treatment, lysozyme treatment, and ultrasonication) have been used in studies based on different patient materials. Thus, the various results trom these studies are difficult to compare. If the anti-PG assay shall be used in the future as a routine diagnostic method in serious staphylococcal infections, a standardization of the assay will be required.
The aim of this study was to compare different antigen preparations by using solid-phase radioimmunoassay (SPRIA) and ELISA to define optimal conditions when measuring human immunoglobulin G (IgG) antibodies to S. aureus PG.
MATERIALS AND METHODS Preparation of S. aureus cell walls. Two S. aureus strains, E2371, rich in protein A (2), and E1369, protein A deficient (9) , were used in the present studies. The culture medium was Truche medium consisting of 40 g of peptone per liter (Orthana, Copenhagen, Denmark) with NaCl and glucose added to final concentrations of 5 and 2 g/liter, respectively. The pH of this medium was 7.5. Truche agar plates contained in addition 1 .5% (wt/vol) Noble agar (Difco Laboratories, Detroit, Mich.). The bacteria were grown on these plates for 18 h at 37°C, scraped off the plates, and washed three times in saline. Then the bacteria were suspended in distilled water (2.5 ml/g) and disintegrated by three passages * Corresponding author.
through an X-press (D-25; AB Biox, Nacka, Sweden) according to the method of Yoshida et al. (14) . Whole, unbroken bacteria were removed twice by centrifugation at 3,000 x g for 15 min at 4°C. Cell walls were harvested from the supernatant by centrifugation at 10,000 x g for 25 min at 4°C, washed six times in distilled water, and lyophilized. From 20 g of whole bacteria, 40 and 72 mg of cell walls were obtained from strains E2371 and E1369, respectively. These cell walls were used for immunizing rabbits.
Preparation of S. aureus PG. PG from strains E2371 and E1369 was prepared by a modification of the method of Park and Hancock (8) . Whole, washed bacterial cells grown as described above were extracted in 10% trichloracetic acid for 72 h at 4°C. After centrifugation at 4,000 x g for 10 min at 4°C, the pellet was further extracted with 5% trichloracetic acid for 10 min at 90°C. The pellet was centrifuged at 4,000 x g for another 10 min at 4°C. Immunoelectrophoretic methods. All PG preparations were evaluated by means of crossed immunoelectrophoresis (3, 12) . The different preparations (0.5 to 3.0 ,ug) were applied. to the wells, and the first-dimension electrophoresis was carried out for 70 min at 10 V/cm. The second-dimension electrophoresis was performed overnight (18 h) at 2 V/cm in gel containing rabbit antibodies against S. aureus cell walls (10 to 20 p.l/cm2 of gel). Different preparations of PG were compared by crossed-line immunoelectrophoresis (7). Electrophoresis was performed using 1% agarose (Litex, Copenhagen, Denmark) and Tris-barbital buffer (pH 8.6; ionic strength, 0.02). The immunoprecipitates were stained with Coomassie brilliant blue (10) .
SPRIA. A SPRIA measuring IgG antibodies against the different PG preparations was used as described previously (1) . Briefly, solubilized PG was coated onto plastic surfaces which then were incubated with the serum samples. IgG antibodies bound to PG were then detected with radiolabeled protein A and expressed as counts per minute.
ELISA. An ELISA modified from that of Engvall and Perlmann (la) either 4% (wt/vol) bovine serum albumin (Sigma) and 0.1% gelatin (Difco) or 1% bovine serum albumin as in the SPRIA. The blocking agent was left for 6 h at room temperature and then overnight at 4°C. The plates were stored at -20°C and washed with PBS-Tween 20 before use. For the comparison some plates were stored with the antigen solution, and no blocking agent was used. One hundred microliters of the serum samples diluted in PBS containing 0.02% sodium azide, 0.05% Tween 20, and 0.02% human serum albumin, pH 7.4, was added in duplicate for 1 h at 37°C. After washing and drying, 100 RI of an anti-human IgG-alkaline phosphatase conjugate (Orion, Oy., Helsinki, Finland) diluted 1/100 in PBS-Tween 20 containing 0.1% gelatin was added and incubated at room temperature for 1 h with shaking on a microtiter plate shaker (Bellco Glass, Inc., Vineland, N.J.). Finally, after washing and drying, 100 p.1 of a substrate solution containing 1 mg ofp-nitrophenyl phosphate (Sigma) per ml in 10% diethanolamine buffer (pH 9.8) was added to each well. After 30 min at 37°C, the plates were read in a Titertek Multiscan colorimeter (Flow, Eflab Oy., Helsinki, Finland) at 405 nm. The results of the assay were expressed as the mean optical density at 405 nm of the duplicates.
Statistical analysis. For evaluation of the reproducibility of an assay, the analytical error of the method was calculated. The error was expressed as the standard deviation of the single determination s = +±\(Sd2/2n), where Sd2 equals the squared sum of differences within pairs and n equals the number of pairs. Since the absolute differences within paired observations rose with higher counts-per-minute or optical density values, the standard deviations of the single determinations were calculated as percentage values. The significance of the correlation coefficient (r) was determined by the Spearman rank correlation coefficient (rs).
RESULTS
Evaluation of PG preparations by crossed immunoelectrophoresis. When insoluble PG from both S. aureus strains was investigated in crossed immunoelectrophoresis against antibodies to S. aureus cell walls, no visible immunoprecipitates were detected. All solubilized preparations, however, showed two visible precipitates (Fig. 1) obtained by different treatments of PG from the same S. aureus strains showed some variations in electrophoretic mobility (Fig. 1A, B , and C). In cases of enzyme treatment, the optimal incubation time was roughly estimated by comparing the height of the precipitates, and optimal time for both strains was 120 and 240 min for lysostaphin and lysozyme, respectively (data not shown). Comparison of the different preparations by means of crossed-line immunoelectrophoresis ( Fig. 1D and E) By using the three selected PG preparations from both S. aureus strains, eight serum samples at a 1/10 dilution were investigated. Two patients with S. aureus endocarditis and two patients with S. aureus septicemia have previously been reported to have high anti-PG antibody levels in SPRIA with SO-PG from strain E1369, whereas one S. aureus septicemia patient together with three healthy controls previously showed low antibody levels (1). The same relations between antibody levels could now be obtained by using both LZ-PG and SO-PG from either S. aureus E1369 or E2371 (Fig. 2) . Since the background levels were equal, the assay with SO-PG gave the highest counts-per-minute values, followed by the LZ-PG assay. On the other hand, when LS-PG from the two strains was used, much lower counts-per-minute values, not distinguishing positive serum samples from negative, were obtained (Fig. 2 ). There were no differences between the two S. aureus strains when LS-PG was used as antigen. LZ-PG from strain E1369 gave slightly higher counts-perminute values than that from E2371, whereas the opposite was true with SO-PG (Fig. 2) .
The influence of different antigen and antibody concentrations in SPRIA was also investigated. One positive and one negative serum sample diluted 1/40 were assayed with LZ-PG from strain E2371 at six different antigen dilutions (Fig.  3) . Antigen concentrations from 0.1 to 1 pug/ml gave relatively similar counts-per-minute values for both serum samples tested, whereas rapidly decreasing counts-per-minute values were obtained when the antigen concentration was raised. A concentration of 1.0 ,ug/ml was ub d in tne following expeliment.
The same two serum samples were then serially diluted from 1/10 to 1/5,120 with LS-, LZ-, and SO-PG from strain E1369 at 1 ,ug/ml (Fig. 4) . Again, LZ-and SO-PG gave far higher counts-per-minute values than LS-PG. The differences were most extreme at low serum dilutions and were equalized at higher dilutions. A serum dilution of 1/40 was selected to be used in the following experiment for differentiating positive from negative serum samples. The analytical error of the test was ±4.5% between duplicates at the same occasion and ± 18.1% when the serum samples were diluted and tested at different occasions.
Evaluation of different PG preparations as antigens in ELISA. No obvious differences between the two types of microtiter plates were seen (data not shown), and Nunc Immunoplate I was used in the ELISA. Neither did the choice of blocking agent influence the results (data not shown), which is why the same one as in SPRIA was chosen (PBS + 1% bovine serum albumin). Microtiter plates with the blocking solutions were stored without impairment at -20°C for at least 3 months. When no blocking agent at all was used, a considerable nonspecific binding to the plastic was obtained. This uptake varied from serum to serum even at the lower serum dilutions (data not shown).
Since only small differences between PG preparations from the two S. aureus strains were seen in SPRIA, only strain E2371 was used in ELISA.
The LS-, LZ-, and SO-PG were compared in ELISA. Optical density values registered when the LZ-PG and SO-PG constituted the antigen were generally higher and more discriminating than those obtained with the LS-PG. The differences were, however, almost equalized at the highest serum dilutions. One example is shown in Fig. 5 in investigation of the same positive and negative serum samples as in Fig. 3 , here serially diluted from 1/10 to 1/10,240. Suspected prozone phenomena were seen in some ELISA systems at the four lowest serum dilutions (data not shown). A serum dilution of 1/1,500 used in the following correlation experiment could differentiate previously known positive serum samples from negative (data not shown).
Only small differences in optical density values were seen when the effects of different antigen concentrations were investigated in ELISA (Fig. 3) . The same antigen dilution as in SPRIA (1.0 pug/ml) was used in the following experiment.
A comparison was made between the LZ-PG and SO-PG with 45 serum samples from 24 febrile nonsepticemic control patients (Fig. 6) . The value for r was 0.90, and r, was 0.93 (P < 0.01). The analytical error of the method was ±2.9% between duplicates on the same plate and ±12.0% between different plates, occasions, and dilution events.
Comparison between SPRIA and ELISA. Twenty-three serum samples from the febrile nonsepticemic control group were assayed in both SPRIA and ELISA. With LZ-PG, r was 0.76 ( Fig. 7) , whereas it was 0.94 when SO-PG was used (Fig. 8) . Corresponding values for r, were 0.85 and 0.93, respectively, which in both cases were statistically significant (P < 0.01). DISCUSSION The S. aureus PG cell wall skeleton is a complex molecule known to have at least three different major antigenic structures (6) . When this part of the cell wall is solubilized by enzyme digestion or ultrasonication, probably different mixtures of immunogenic and nonimmunogenic fragments of both carbohydrate and protein origin are obtained. It is therefore not surprising that various results can be obtained when different antigen preparations are used in different assay systems.
In the comparison of antigen preparations from two different S. aureus strains, E2371 and E1369, no obvious differences could be found. On the other hand, the way of solubilizing the PG seemed to be important. In crossed immunoelectrophoresis, some variations in antigen-antibody precipitates could be seen when comparing LS-, LZ-, and SO-PG (Fig. 1) . However, in crossed-line immunoelectrophoresis all PG preparations cross-reacted serologically when polyspecific rabbit antibodies against S. aureus cell wall preparations were used (Fig. 1) . When human anti-PG antibodies were detected in SPRIA and ELISA, it was apparent that much lower values were obtained when LS-PG was used as compared with LZ-PG and SO-PG (Fig. 2, 4 , and 5). Furthermore, the duration of the enzyme digestion seemed to be important, since treatment of the PG for 240 min yielded peak counts-per-minute values in SPRIA (Table  1) . These results are in agreement with those of Wheat et al. (13) concerning the LZ-PG, but they reported a complete loss of activity after treating the antigen with lysostaphin for 240 min. These differences in optimizing the duration of the enzyme treatment are difficult to explain. Differences in enzyme activities from different batches and in relations between enzyme and substrate concentrations may be some reasons. Sonication seems to be easier to reproduce in different laboratories, and since our assays with SO-PG were at least as sensitive as the lysozyme assays, ultrasonication of the PG should be the recommended procedure.
It is of great advantage to a routine laboratory assay if a single serum dilution can be used. Therefore, titration curves with various antigen and serum dilutions were determined for each assay. In our assays we chose antigen concentrations of 1.0 ,ug/ml (Fig. 3) , which differ only slightly from those of Wheat et al. (13) and Verbrugh et al. (11) , which were 2.0 ,ug/ml. The serum dilution chosen in our SPRIA was 1/40, versus 1/3,000 in the SPRIA of Wheat et al., and corresponding values with our ELISA versus that of Verbrugh et al. were 1/1,500 and 1/512, respectively. The slopes of our serum titration curves in comparison with various antigen preparations were not parallel (Fig. 4) . This might indicate differences in antibody avidity of the serum specimens investigated. These data further strengthen the need for standardizing not only the antigen preparations but also the serum dilutions when comparing results from different laboratories.
The reproducibility of the ELISA expressed as the analytical error of the method was better (±2.9 to ±12.0%) than that of the SPRIA (±4.5 to ±18.1%). When using the SO-PG as antigen, the interassay correlation was high (r = 0.94, P < 0.01) (Fig. 8) . The interassay correlation was slightly lower (r = 0.76) but still statistically significant (P < 0.01) when LZ-PG was used (Fig. 7) . The lack of absolute correlation can be explained by the differences in reproducibility between the assays. There is, however, another obvious difference betweeen the two assays. In (Fig. 6 ).
In summary, both LZ-PG and SO-PG can be used in either 
